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Abstract
The possibility that the present acceleration of the universe is driven by a kind of viscous fluid
is exploited. At background level this model is similar to the generalized Chaplygin gas model
(GCGM). But, at perturbative level, the viscous fluid exhibits interesting properties. In particular
the oscillations in the power spectrum that plagues the GCGM are not present. Possible fundamental
descriptions for this viscous dark energy are discussed.
PACS number(s): 04.20.Cv., 04.20.Me
1 Introduction
The observations of the dynamics of galaxies, cluster of galaxies and of the supernova type Ia indicate
that about 95% of matter content of the universe is not composed of baryons [1, 2]. A fraction of about
1/3 of this dark component appears in the agglomerated structures, and it is called dark matter, while
the remaining 2/3 appears as a smooth component, driving the acceleration of the Universe, and is called
dark energy. There is a large number of models trying to take into account the presence of the dark
component. The most popular one is the so-called ΛCDM [3, 4], where dark energy is represented by
the cosmological constant, while dark matter is composed of WIMPS, a cold dark matter, composed of
weakly interacting massive particles which must be relics of a grand unified phase of the universe, like
axions. The ΛCDM has achieved great success in explaining the observational data (even if there claims
in the opposite sense [5, 6]), but faces at same time many theoretical difficulties, like a huge discrepancy
(of about 120 orders of magnitude) between the predicted and the observed values of the cosmological
constant [7, 8].
Other models are competitive with ΛCDM, like quintessence [9, 10] and K-essence [11]. Another
quite recent proposal is the Chaplygin gas [12, 13], which is phenomenologically represented by a fluid
with negative pressure which varies with the inverse of the density. The Chaplygin gas model has been
generalized by considering that the pressure, besides to be negative, depends on an arbitrary power of the
inverse of the density. One of the great advantages of the Generalized Chaplygin gas model (GCGM) is
the possibility of unifying the description of dark energy and dark matter [14, 15]: a fraction of this exotic
fluid can agglomerate locally, while the other fraction remains a smooth component. However, criticisms
have been addressed to this proposal mainly due to its behaviour concerning density perturbations, which
exhibits large oscillations in the resulting power spectrum which do not appear in the observed power
spectrum of mass agglomeration [16].
In our point of view, the question of the oscillations in the matter power spectrum in the GCGM is
controversial. The oscillations in the power spectrum of the GCG are not transferred to the baryonic
power spectrum, and after all, the direct observation concerns baryons. But, there are claims that the
oscillations in the dark component is reflected in the σ8 normalization [16]. In this sense, it should be
interesting to find a way out to this problem, keeping at same time the advantages of the GCGM.
In this work we will explore the possibility that the present acceleration of the universe is due to a kind
of viscous fluid. It is well known that bulk viscosity can generate an acceleration expansion [17]. But,
to our knowledge, such possibility has been investigated only in the context of the primordial universe,
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concerning also the search of non singular models [18, 19]. We will consider a simple bulk viscosity model,
in the context of the Eckart formalism [20]. Naturally, this approach is phenomenological. Moreover,
the Eckart formalism is not completely consistent, being a truncation of a causal theory [21, 22]. Hence,
everything that will be developed here must be later complemented by a fundamental model which can
justify our phenomenological approach.
At background level, the description is equivalent to the GCGM: the viscous dark energy interpolates
a matter dominate phase and a cosmological constant phase. Hence, all observational tests that concerns
the background behaviour (like the supernova type Ia data) can be immediately used through the analysis
already made for the GCGM [23]. However, at perturbative level, new features appear: the oscillations
that plagues the GCG are absent here for a large range of the parameters. We make a simplified
comparison with the 2dFGRS ignoring for the moment the presence of baryons. The goal is to show that
it is possible qualitatively reproduce the general features of the mass power spectrum, with the absence
of expressive oscillations.
This paper is organized as follows. In the next section we describe the viscous model and deter-
mine under which conditions it can account for the dark component of the universe. In section 3, a
perturbative analysis is made, and the predicted power spectrum is compared with observations. In
section 4, we present our conclusions, with some perspectives to a more fundamental motivation of this
phenomenological model.
2 Background model
Let us consider a homogeneous and isotropic universe filled by a fluid with bulk viscosity. For simplicity,
it will be supposed that the geometry is given by the flat Robertson-Walker metric,
ds2 = dt2 − a2(t)[dx2 + dy2 + dz2] , (1)
where a(t) is the scale factor. The equations of motion are
3
(
a˙
a
)2
= 8πGρ , (2)
ρ˙+ 3
a˙
a
(ρ+ p∗) = 0 , (3)
p∗ = p− ξ(ρ)uµ;µ = p− 3ξ(ρ)
a˙
a
. (4)
We will consider that p = βρ and that the viscosity coefficient behaves as ξ(ρ) = ξ0ρ
ν . Hence, the
equations of motion reduce to
3
(
a˙
a
)2
= 8πGρ , (5)
ρ˙+ 3
a˙
a
[
(1 + β)ρ− 3ξ0ρν a˙
a
]
= 0 . (6)
From equation (5), we obtain the relation
a˙
a
=
√
8πG
3
ρ1/2 , (7)
so that the equation (6) can be rewritten as
ρ˙+ 3
a˙
a
[
(1 + β)ρ− ξ¯0ρν+1/2
]
= 0 , (8)
where
ξ¯0 = 3
√
8πG
3
. (9)
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The equation (8) admits the solution
ρ =
[
ξ¯0
1 + β
+
B
1 + β
ar
] 1
1
2
−ν
, (10)
where B is an integration constant and r = 3(ν − 1/2)(1 + β).
In the case of the generalized Chaplygin gas, where there is no viscosity, the pressure is given by
p = − A
ρα
. (11)
The relation between the density and the scale factor is given by
ρ =
[
A+
B
a3(1+α)
] 1
1+α
. (12)
The GCGM and the viscosity model coincides, at background level, if β = 0 and if
ν = −
(
α+
1
2
)
. (13)
In this case, initially the Universe behaves as in the matter dominated phase, becoming later dominated by
a cosmological term. In the case of the viscosity model, the initial phase is characterized by a domination
of a fluid with equation of state p = βρ, when ν < 1/2. For ν > 1/2 the behaviour sketched above is
inverted: initially there is a superluminal expansion followed by a subluminal expansion. The analysis
based on the supernova type Ia data for the GCGM can be directly transferred to the dark viscous model,
since it depends on the background only. In [23] a extensive analysis of the GCG parameters has been
made. It has been found that the prediction for the parameter α is α = −0.75+4.04
−0.24. Hence, positive
values of ν (”normal” viscous behaviour) is preferred. But the dispersion is quite large.
3 Perturbative study
In principle, the most interesting situation in the model described above, in view of the present accel-
eration of the universe, concerns the choice β = 0 and ν = −(α + 1/2). These choices lead exactly to
the same behaviour of the GCGM for the evolution of the background. However, here we have a more
normal situation, where the viscosity grows with density when 0 < ν < 1/2. On the other hand, most
of the criticism on the GCGM concerns the fluctuations on the power spectrum which leads apparently
to a σ8 normalization that is not consistent with observation. Hence, in order to verify if the viscosity
model can lead to improvements with respect to the GCGM, the scalar fluctuations must be studied.
This study will be done here in the synchronous gauge.
In order to perform this perturbative study, the field equations are rewritten as
Rµν = 8πG
(
Tµν − 1
2
gµνT
)
, (14)
T µν ;µ = 0 , (15)
T µν = (ρ+ p∗)uµuν − p∗gµν , p∗ = p− ξ(ρ)uµ;µ . (16)
The equations (14,15,16) are perturbed by introducing
g˜µν = gµν + hµν , ρ˜ = ρ+ δρ , u˜
µ = uµ + δuµ , p˜∗ = p∗ + δp∗ , (17)
where gµν , ρ, u
µ and p∗ are the background solutions described before, while hµν , δρ, δu
µ and δp∗ are
small perturbations around them. The synchronous gauge condition hµ0 = 0 is imposed. A long but
3
straightforward calculation leads to the following perturbed equations:
h¨+
(
2
a˙
a
− 4πGξ
)
h˙− 3
(
a˙
a
)2[
1 + 3β − 9
(
a˙
a
)2
ξ′
]
∆+ 8πGξΘ = 0 , (18)
∆˙ + 9
(
a˙
a
)2[
ξ
ρ
− ξ′
]
∆+
(
1 + β − 6 a˙
a
ξ
ρ
)(
Θ − h˙
2
)
= 0 , (19)
(
1 + β − 3 a˙
a
ξ
ρ
)
Θ˙+
[
a˙
a
(
1 + β − 3 a˙
a
ξ
ρ
)(
2− 3β + 9 a˙
a
ξ′
)
−3
(
a¨
a
− a˙
2
a2
)
ξ
ρ
]
Θ =
−∇
2
a2
[(
β − 3 a˙
a
ξ′
)
∆− ξ
ρ
(
Θ− h˙
2
)]
. (20)
In these equations, the following definitions were used:
h =
hkk
a2
, ∆ =
δρ
ρ
, Θ = ∂iu
i . (21)
To deduce these equations, the expression for the perturbation of the effective pressure has been used.
From (16), the perturbation in the effective pressure (a crucial aspect for the results to be present later),
is
δp∗ =
(
β − 3 a˙
a
)
δρ− ξ(ρ)
(
Θ− h˙
2
)
, (22)
These equations can be rewritten in terms of the redshift variable z = −1+1/a, where the scale factor
has been made equal to unity today, a0 = 1. Performing also a plane wave expansion in the perturbed
quantities such that
δ(t, ~x) =
1
(2π)3/2
∫
δk(t)e
i~k.~x d3k , k = wavenumber of the perturbation , (23)
we end up with the following perturbed equations:
h′ − 1
2(1 + z)
[
4− (1 + β)Af(z)2ν−1
]
h =
−3 f(z)
1 + z
[
1 + 3β − 3(1 + β)νAf(z)2ν−1
]
∆+
1 + β
1 + z
f(z)2ν−1Θ , (24)
∆′ − 3(1 + β)(1 − ν)
1 + z
Af(z)2ν−1∆ −
1 + β
(1 + z)f(z)
(
1− 2Af(z)2ν−1
)(
Θ− h
2
)
= 0 , (25)
(1 + β)(1 −Af(z)2ν−1)Θ′−
{
1 + β
1 + z
[
1−Af(z)2ν−1
][
2− 3β + 3Aν(1 + β)f(z)2ν−1
]
+
(1 + β)Af(z)2(ν−1)f ′(z)
}
Θ +
k2
k20
1 + z
f(z)
{[
β − (1 + β)Aνf(z)2ν−1
]
∆− 1 + β
3
Af(z)2(ν−1)
(
Θ − h
2
)}
= 0 (26)
The primes mean derivatives with respect to the redshift z. The following definitions were also employed:
f(z) =
{
A+ (1−A)(1 + z)−r
} 1
1−2ν
, (27)
r = 3
(
ν − 1
2
)
(1 + β) , (28)
A =
3
1 + β
√
8πG
3
ξ0ρ
ν−1/2
0 , (29)
(30)
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Figure 1: Behaviour for A = 0.1 and ν = −0.5, 0.3, 0.0, 0.3 and 0.4. The ordinate represents log10 Pk and
the abscissa log10 kh
−1. As ν grows, the theoretical curve approaches the observed curve.
The parameter k0 is associated with the Hublle length, k0 = 2πH0/c ∼ 2π/(3h)× 10−3Mpc−1, H0 being
the Hubble’s constant. The recent results from the WMAP measurements of the anisotropy of the cosmic
microwave background radiation indicates h ∼ 0.7 [24].
We allow the perturbed equations to evolve from z = 500 to z = 0, where the final spectrum is
computed. The initial conditions are fixed by using the transfer function
T (k) =
B
√
k
1 + 8Ωk +
4.7
Ω2 k
2
. (31)
where Ω is the total density fraction, with respect to the critical density, which in the present case is
Ω = 1. The amplitude B can also be fixed by using the normalization of the anisotropy of CMB. Following
[25], we adopt B = (24 h−1Mpc)4. At z = 0 we compute the power spectrum
Pk = |δk|2 . (32)
The spectrum is computed for a large range of values of k. The comparison with the observational
results for the power spectrum of mass agglomeration obtained through the 2dFGRS program is displayed
in figures 1, 2 and 3 for different values of the parameters ν and A. The main feature is the absence of
oscillations in the power spectrum of the viscous dark fluid. The absence of oscillations occurs for positive
and negative values of the parameter ν. In principle this seems to be surprising, since negative values of
ν should correspond to a positive sound velocity, which should drive oscillations in the power spectrum.
The reason why these oscillations do not appear is that the spatial gradient term, which drives oscillations
or instabilities depending on its overall sign, is now composed of three terms, containing not only the
density contrast, but the velocity and the metric perturbations. The presence of this combination of
terms avoids the appearance of strong oscillations or instabilities. This combination is due to the form
of the effective pressure. Just to compare, the GCGM, at perturbative level, contains only the density
contrast in the spatial gradient term.
The inspection of figures 1, 2 and 3 reveals that the theoretical curves approach the observational
data when ν → 1/2 and A becomes small. A quite reasonable agreement is, for example, obtained when
ν = 0.4 and A = 0.1 (figure 1). Even if the fittings displayed in figures 1, 2 and 3 in general do not reveal
a remarkable agreement between theory and observation, except in the limits stated above, this is not a
serious problem in present context due to one fundamental reason: we have not considered baryons. In
fact, what we should compute is the power spectrum for the baryonic component, perhaps with a bias
factor which may take into account a contribution of a fraction of the viscous dark fluid. But, what
we would like to stress is that there is no blow up in the perturbations of this viscous dark fluid, as it
happens with, for example, the GCGM. Notice that there is a significant suppression of power in the
spectrum for negative values of ν; this suppression is much less important for positive ν. Such suppression
may be interesting if we remember that we are computing the power spectrum of the dark component,
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Figure 2: Behaviour for A = 0.4 and ν = −0.5, 0.3, 0.0, 0.3 and 0.4. The ordinate represents log10 Pk and
the abscissa log10 kh
−1. As ν grows, the theoretical curve approaches the observed curve.
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Figure 3: Behaviour for A = 0.7 and ν = −0.5, 0.3, 0.0, 0.3 and 0.4. The ordinate represents log10 Pk and
the abscissa log10 kh
−1. As ν grows, the theoretical curve approaches the observed curve.
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since the dark component does not agglomerate completely. Hence, the suppression of power in the dark
component may avoid serious discrepancies with the dynamics of clusters of galaxies.
4 Conclusions
In this work, we have developed a phenomenological model for dark energy based on a viscous dark fluid.
The approach is very simplified since we consider the bulk viscosity in the Eckart formalism, ignoring
consequently problems of causality. It has been showed that, with the hypothesis that the bulk viscosity
depends on a power of the density, ξ = ξ0ρ
ν , interpolation between a matter dominated phase and a
cosmological constant phase is achieved if ν < 1/2. Hence, such interpolation can be obtained for a non
exotic viscous fluid where the viscosity decreases with the decreasing of density. Moreover, the behaviour
characteristic of the Chaplygin gas model is recovered for negative values of ν.
The evolution of density perturbations for this viscous dark fluid has been computed. There is no
oscillation in the power spectrum, in opposition to what happens with GCGM. The spectrum is highly
suppressed for negative values of ν but reproduces qualitatively the observed power spectrum for mass
agglomeration for ν positive. The fitting of the observational data becomes quite good when ν → 1/2
and A → 0. The model studied here contains just one fluid, the viscous dark energy. Hence, we can
expect that the adding of baryons will allow to fit reasonably the observational data. The absence of
oscillations is due to the fact that the spatial gradient of the pressure presents a competition between all
perturbed quantities. This is dictated by the covariant representation of the bulk viscosity.
The phenomenological approach developed here must of course be supplemented by a fundamental
description of this viscous fluid. To do this a specific fluid model must be considered, with some interaction
between the particles composing this fluid. Topological defects (cosmic strings, domain walls, textures)
can lead to cosmological fluids with negative pressure in the perfect fluid approximation. We can think
for example on the evolution of domains wall with friction in an expanding universe [26]. However, the
effective equation of state for these objects becomes more complex if interactions are taken into account.
Since interactions are inevitable in a gas of topological defects, it can be expected that deviations from
the simple perfect fluid approximation can appear. We intend to explore this possibility.
Acknowledgements: We thank Fla´vio G. Alvarenga for his comments on the text and CNPq (Brazil)
for partial financial support.
References
[1] V. Sahni, Dark matter and dark energy, astro-ph/0403324;
[2] T. Padmanabhan, Dark Energy: the Cosmological Challenge of the Millennium, astro-ph/0411044;
[3] P. J. E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559(2003);
[4] V. Sahni and A. Starobinsky, Int. J. Mod. Phys. D9, 373(2000);
[5] R. Lazkoz, S. Nesseris and L. Perivolaropoulos, Evidence for cosmological oscillations in the Gold
SnIa dataset, astro-ph/0503230;
[6] M. C. Bento, O. Bertolami, N. M. C. Santos and A. A. Sen, Supernovae constraints on models of
dark energy revisited, astro-ph/0412638;
[7] T. Padmanabhan, Phys. Rep. 380, 235(2003);
[8] S.M. Carroll, Living Rev. Rel. 4, 1(2001);
[9] R.R. Caldwell, R. Dave and P. Steinhardt, Phys. Rev. Lett. 80, 1582(1998);
7
[10] Ph. Brax and J. Martin, Phys. Rev. D61, 103502(2000);
[11] C. Armendariz-Picon, V. Mukhanov and Paul J. Steinhardt, Phys. Rev. D63, 103510(2001);
[12] A. Yu. Kamenshchik, U. Moschella and V. Pasquier, Phys. Lett. B511, 265(2001);
[13] J.C. Fabris, S.V.B. Gonc¸alves e P.E. de Souza, Gen. Rel. Grav. 34, 53(2002);
[14] N. Bilic, G.B. Tupper and R.D. Viollier, Phys. Lett. B535, 17(2002);
[15] M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev. D66, 043507(2002);
[16] H. Sandvik, M. Tegmark, M. Zaldarriaga and I. Waga, Phys. Rev. D69, 123524(2004);
[17] G.L. Murphy, Phys. Rev. D8, 4231(1973);
[18] L.O. Pimentel, Astrophys. Spac. Sci. 116, 395(1985);
[19] A.I. Arbab, Nonstandard comosoly with constant and variable gravitaional and variable cosmological
”constants” and bulk visosity, PhD thesis, gr-qc/0105027;
[20] C. Eckart, Phys. Rev. 58, 919(1940);
[21] W. Israel, Ann. Phys. 100, 310(1976);
[22] W. Israel and J.M. Stewart, Ann. Phys. 118, 341(1979);
[23] R. Colistete Jr. and J.C. Fabris, Bayesian Analysis of the (Generalized) Chaplygin Gas and Cosmo-
logical Constant Models using the 157 gold SNe Ia Data, astro-ph/0501519;
[24] M. Tegmark et al, Phys. Rev. D69, 103501(2004);
[25] T. Padmanabhan, Structure formation in the Universe, Cambridge University Press, Cam-
bridge(1993);
[26] A. Vilenkin, E. P. S. Shellard e P. V. Landshoff, Cosmic string and other topological defects,
Cambridge University Press, Cambridge(1994).
8
